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Abstract 

Based on a novel cocoating strategy and dissociation enhancement lanthanide fluorescence immunoassay technique, a sensitive 
time-resolved fluoroimmunoassay (TRFIA) has been developed for simultaneous quantification of human scrum thyroid-stimu- 
lating hormone (TSH) and thyroxin (T4) in a one-and-the-same assay procedure. The new cocoating strategy for preparing highly 
active surface anti-TSH and anti-T4 monoclonal antibodies (McAbs) was performed by a three-step protocol. Namely, anti-TSH 
McAb at high concentration (10 ug/ml) and extensively biotinylatcd bovine serum albumin (BSA) at low concentration (0.5 ugfoil) 
were coated on microwells by passive adsorption, then streptavidin was captured by the surface BSA-biotin, and finally biotinylatcd 
anti-T4 McAb was immobilized by the remnant binding sites of the bound streptavidin. In the present TSH/T4 TRFIA, both 
sandwich- and competitive-type configurations were involved, and Eu* 4 " and Sra 3 * were used as labels for TSH and T4 detection, 
respectively. The method showed rapid kinetics; the equilibrium was reached within 30min at 37 °C due to the use of high con- 
centrations of reaction reagents, rapid agitation, and small reaction volume. The lower limits of detection of the method were 
0.028 mlU/L for TSH and 4. 1 nmol/L for T4 with 20 uL of sample volume. The assay ranges for TSH and T4 were 0.2 1-80.00 mlU/L 
and 20-300nmol/L, respectively. The correlation between the TSH/T4 values obtained by the present TSH/T4 TRFIA and those 
obtained by commercial chezmluminescence immunoassay was satisfactory. 
© 2003 Elsevier Science (USA). All rights reserved. 



Multianalyte immunoassay (MAIA), 1 of which two 
or more analytes of one sample are measured simulta- 
neously in a single assay, is a long-cherished goal for 
clinical chemists due to its advantages of work simpli- 
fication, increased throughput, and reduced overall cost 
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1 Abbreviations used: DELFIA, dissociation enhancement lantha- 
nide fluorescence immunoassay; TRFIA, time-resolved fluoro immuno- 
assay; McAb, monoclonal antibody; SA, streptavidin; BSA, bovine 
serum albumin; CLIA, chemilumincscence immunoassay; MAIA, 
multi-analyte immunoassay; ICP-MS, inductively coupled plasma mass 
spectrometry; BAC-NHS, bioUnamidocaproate /f-byoroxysuccmimide 
ester; PBQ, /vbenzoquinone; DMF, NJV-dimethyl form-amide; T4, 
thyroxin; TSH, thyroid-stimulating hormone; DTTA, AT-[p-isothio- 
cyanatobenzyi]diethylene UTamine-iv' 1 ,^ 1 ,^, /^-tetraacetate; PBS, 
phosphate- buffered saline; RT, room temperature; ANS, 8-aniUnonap- 
thalene sulfonate; EDC, l-ethyl-3-(-3-dimethylammopropyj)carbodi- 
imide. 



per test [1]. Accordingly, MAIA has a high application 
potential in various areas such as virology, molecular 
biology, and microbiology, as well as for routine diag- 
nosis. Up to now, different principles have been pro- 
posed for performing MAIA; generally they can be 
classified into two main formats: that based on multip- 
robes and that based on spatially separated test zones. 
Of the two formats, the multiprobe approach relies on 
the discrimination and detection of specific signals from 
different probes. 

In addition to the early use of radioisotopic labels 
[2,3], several nonradioisotopic labels have been tried to 
design multiprobe-based MAIA. Attempts to use en- 
zymes as labels led to only limited success due to the 
significant spectral overlapping of the end products and 
the difficulty in setting identical conditions (e.g., the pH 
value) optimal for all the enzyme activities [4]. Immu- 
noassay using fluorescent or chemiluminescent-substrate 
as label offers only a possibility to improve such MAIA 
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[5,6]. The well-established CLIA has been applied to 
MAI A based on signal spatial discrimination [7], but in 
general such an assay is not suitable for multiprobe-based 
MAI A since the light emissions of different luminophores 
are often of similar wavelengths {8]. MAIA with different 
DNA fragments as labels was also investigated to detect 
three protein analytes [9]. In this design, the problem of 
signal overlapping was overcome since different DNA 
molecules can be easily separated before quantification. 
The sensitivity of the assay was very high because of 
the great sensitivity of PCR technology. However, the 
method was too technically demanding because of the 
complicated reagent-processing steps and the strict con- 
ditions for PCR amplification. Theoretically, a fluo- 
rometry-based assay may be particularly well suited for 
MAIA since it could combine several parameters simul- 
taneously for signal discrimination, such as excitation 
and emission wavelength, decay time, and polarization. 
However, until now conventional fluorescent labels did 
not succeed in MAIA owing to their high backgrounds, 
short decay times and broad spectra, which make it dif- 
ficult to distinguish the emission bands from each other. 
Up to the present, the above investigations have not 
found wider acceptance in clinic routines. 

Meanwhile, lanthanides or their chelates have be- 
come the choice of label for developing MAIA. Some 
lanthanide ions emit strong fluorescence (i.e., Eu 3+ ) 
when chelated with appropriate organic ligands [10]. 
The fluorescence arising from the lanthanide chelates 
has the advantages of high quantum yield, long decay 
time, exceptionally large Stoke's shift, and narrow 
emission peaks. By exploiting these features, specific 
chelate fluorescence can be efficiently distinguished from 
the natural fluorescence or the scattered light, and the 
fluorescence coming from different lanthanides can also 
be easily discriminated due to their difference in decay 
time and emission wavelength. These features make the 
lanthanide (or its chelate) preferable to any other probes 
for developing multilabel-based MAIA. Of the 15 lan- 
thanide ions, Eu 3+ , Sm 3+ , and Tb 3+ have been used in 
dual-label [11-15] or triple-label MAI As [16]. Based on 
a novel cofluorescence enhancement principle, quadru- 
ple-label TRFIA has also been constructed for detection 
of four analytes [17]. Nowadays, dual-label TRFIA kits 
(i.e., HCG/AFP DELFIA, t-PSA/f-PSA DELFIA; 
Wallac Oy) and the corresponding instruments are 
commercially available. Different types of analytes such 
as protein antigens [11], haptens [12], antibodies [13], 
viruses [14], NK cell cytotoxicity [15], and DNAs [16] 
have been measured by the time-resolved fluorometry- 
based multianalyte analysis. More recently, MAIAs 
using stable luminescent chelate labels have attracted 
wide attention [18-20]; it can be expected that these and 
upcoming studies in this area will open up new prospects 
for the development of MAIA and other types of bio- 
analysis. 



Serum TSH and T4 measurement by immunoassay is 
the widely used screening test for biochemical assess- 
ment of thyroid status. In our previous work, we have 
developed T4 TRFIA [21,22] and a highly sensitive se- 
rum TSH time-resolved immunofluorometric assay [23]; 
serum TSH was also analyzed by immunoassay that 
employed an inductively coupled plasma mass spec- 
trometry (ICP-MS) technique for Eu detection [24], The 
purpose of present study was to develop a TRFIA for 
simultaneous detection of serum TSH and T4 with Eu 
and Sm as labels. To obtain a high sensitivity for TSH 
detection and to make the Sm signal strong enough for 
precise measurement, a novel cocoating strategy was 
proposed to prepare highly active surface anti-TSH and 
anti-T4 antibodies with the use of biotin-SA interaction. 
The present TSH/T4 TRFIA is sensitive, rapid, and 
simple to perform. For comparison, the TSH and T4 
concentrations in 39 human serum samples were mea- 
sured by the present TSH/T4 TRFIA; a good correla- 
tion was observed between this method and the Corning 
CLIA (r = 0.997 for TSH; r = 0.921 for T4). The de- 
velopment details and the assay performance features of 
the TSH/T4 TRFIA are described. 



Materials and methods 

Chemicals and buffers 

Anti-T 4 McAb (McAb-6901) and anti-TSH McAbs 
(McAb-03, McAb-04, and McAb-05) were obtained 
from Medix Biochemica (Finland). Microtitration strips 
were products of NUNC (Denmark). DTTA-Eu 3+ (N^ 
[^isothiocyaimto-benzylj-diethylene-triamine-^ 1 , N 2 , , 
JV*-tetraacetate-fiu 3+ ) and DTTA-Sm 3+ were from 
Tianjin Radio-Medical Institute (Tianjin, China). BSA 
was from Shenzhen JingMei Biotech (Shenzhen, China). 
SA, biotinamidocaproate tf-bydroxysuccinimide ester 
(BAC-NHS), activated charcoal, TSH, and T4 were 
products of Sigma Chemical, (St. Louis, MO USA), p- 
Benzoquinone (PBQ) was from the Second Chemical 
Factory of Beijing (Beijing, China). WaJlac T4 DELFIA 
kit and hTSH Ultra DELFIA kit were used to calibrate 
the TSH/T4 standards of present TSH/T4 TRFIA, and 
the assays were performed exactly according to the in- 
structions enclosed in the kits. 

The assay buffer was lOOmmol/L Tris-HCl, pH 8.4, 
containing 0.25 mg/m! ANS, 4.0mg/ml sodium salicy- 
late, 0.1% BSA, 0.04% NaN 3 , 0.9% NaQ, 0.08% Tween 
20, and 0.5% normal mouse serum. The coating buffer 
was lOOmmol/L sodium carbonate buffer (pH 9.3), 
containing 0.9% NaQ and 0.04% NaN 3 . The washing 
buffer was lOmmol/L Tris-HCl (pH 8.0) containing 
0.04% Tween 20 and 0.9% NaCl. TSA buffer for elution 
of the Eu 3+ - or Sm 3+ -labeled reagents was 50mmol/L 
Tris-HCl, pH 7.8, containing 0.9% NaQ and 0.05% 
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NaN 3 . The enhancement solution for Eu 3+ /Sm 3+ dis- 
sociation and fluorescence enhancement was prepared 
according to Hemmila et al. [25]. 

Instrumentation 

The chromatographic separation system was a 
product of Bio-Rad, mainly including Model EP-1 
Econo Pump and Model EM-1 Econo UV monitor. The 
VICTOR 2 multilabel counter, 1296-003 DELFIA Plate- 
shake, and 1296-026 DELFIA Platewash were products 
of Perkin-Elmer Wallac. The UV absorbance was 
measured by UV~vis spectrophotometer (Cary 50 mode; 
Varian, USA). Manual pipetting was done with dis- 
posable plastic tips and Finnpipette (Labsystem Oy, 
Helsinki, Finland). 

Samples and comparison method 

All samples were kindly provided by 301 Hospital 
(Beijing, China) with the TSH and T4 values measured 
by ACS-180 CLIA (Corning). The TSH values in 11 
hypothyroid samples and 19 euthyroid samples were 
measured by the present TSH/T4 TRFIA. At the same 
time, the T4 values in the above 30 samples and in 9 
hyperthyroid samples were also measured. All the pa- 
tients were diagnosed on the basis of characteristic 
clinical features and confirmed by laboratory tests. 

Preparation of human serum-based TSHIT4 standards 

TSH-free human serum was prepared by treating the 
pooled serum from hyperthyroid patients with activated 
charcoal, as described by Mitsuma et al. [2]. The same 
procedure was applied to remove T4 from the normal 
human serum. The TSH concentration in the charcoal- 
treated serum was taken as zero, as no response was 
detectable by the hTSH Ultra DELFIA kits (analytical 
sensitivity: 0.001-0.002 rolU/L). The six TSH/T4 stan- 
dards were prepared by adding different amounts of 
TSH and T4 in hormone-free serum, and the TSH/T4 
concentrations were calibrated with Wallac hTSH Ultra 
or T4 DELFIA kits. In order to decrease the slight cross 
talk between the Eu/Sm signals and make the TSH/T4 
concentration in the standards closer to most of the 
physiological conditions, the lower TSH concentration 
in the standards was set to correspond to the higher T4 
concentration in the standards. The concentrations of 
TSH (mIU/L)/T4 (nmol/L) in the six standards were 
determined as 0/300, 0.21/150, 0.54/100, 2.91/50, 19.00/ 
20, and 80.00/0. 

Preparation of BSA-T4 conjugate 

Twenty-five milligrams of PBQ in 1.5 ml of ethanol 
was added to 6ml of PBS (0.25mol/L, pH 6.0) con- 



taining 400 mg BSA. The mixture was incubated for 2 h 
with shaking. Free PBQ was removed by passage 
through a Sephadex G-50 column (30 x 1.5 cm, fine) 
with 0.9% NaQ solution as eluent. Twenty milliliters of 
the PBQ-activated BSA was collected. After this, 3mg 
of S^^'.S'-tetraiodo-L-thyronine in O.lmol/L sodium 
carbonate buffer (pH 9.6) was added to the activated 
BSA solution, the mixture was reacted for 12 h at RT. 
The BSA-T4 conjugate was separated from the excess 
T4 by applying the mixture to Sephadex G-50 column 
(30 x 1.5 cm, fine) and eluting the column with 50mmol/ 
L a carbonate buffer (pH 9.0). Twenty-five milliliters of 
conjugate was collected. 

Biotinylation of BSA to different extents 

To five glass bottles containing ~6 mg of BSA in 2 ml 
of carbonate buffer (50mmol/L, pH 9.5), we added dif- 
ferent amounts of BAC-NHS in order to obtain five 
BSA-biotin conjugates with different biotinylation ex- 
tents. The volumes of BAC-NHS solution (in DMF, 
8mg/ml) added to the above five bottles were 4, 10, 20, 
40, and 100^1, respectively. The biotinylation protocol 
was the same as that described in our previous work 
[22]. After purification, the five BSA-biotin conjugates 
obtained were coded as BSA-biotin-4, BSA-biotin- 10, 
BSA-biotin-20, BSA-biotin-40, and BSA-biotin- 100, 
corresponding to the volume of the biotinylating reagent 
added. 

The cocoating protocol for preparing highly active surface 
anti-TSH and anti-T4 McAbs 

The cocoating protocol used in the present TSH/T4 
TRFIA involved three steps. (1) 100 ul of coating buffer 
containing lOjig/ml anti-TSH McAb (McAb-05) and 
0.5 jig/ml BSA-biotin-40 was added in microwells and 
incubated for 12 h at RT. This step allowed the anti- 
TSH McAb (McAb-05) and BSA-biotin conjugate to be 
passively adsorbed on the weU surface. (2) The micro- 
wells were washed twice, and 100 \iL of TSA buffer 
containing 1% BSA and 0.8 ug/ml SA was added and 
agitated for 6h at RT. SA was specifically captured by 
the surface biotin moieties. (3) After the wells were 
washed twice, 100 |xl of TSA buffer containing 1 ug/ml 
biotinylated anti-T4 McAb and 1% BSA was added and 
agitated for 6h at RT. The biotinylated anti-T4 McAb 
was bound by the surface SA. A schematic diagram of 
the surface anti-TSH and anti-T4 McAbs prepared by 
this cocoating procedure is shown in Fig. 1. 

Optimization of the cocoating procedure 

In order to test the utility of above five BSA-biotin 
conjugates for anti-T4 McAb immobilization, we stud- 
ied the influence of the coating concentration of the five 
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Fig. 1. Schematic representation of the surface anti-TSH and anti-T4 
McAbs prepared by the proposed cocoating protocol. 

conjugates on the activity of surface anli-T4 antibody. 
The five BSA-biotin conjugates were diluted with 
coating buffer to concentrations ranging from 0.176 to 
lOjigfrnl. The procedure for preparing surface anti-T4 
McAb was the same as described above except that anti- 
TSH McAb was omitted from the first coating step. 
Namely, 100 |J of BSA-biotin solution at different 
concentrations was added to microwells and incubated 
for 12 h at RT. After the well were washed twice, 100 pi 
of TSA buffer containing SA (1 pgtol) and 1% BSA was 
added and agitated for 6h at RT. After the microwells 
were washed twice, 100 \d of TSA buffer containing 1 jig/ 
ml biotinylated anti-T4 McAb and 1% BSA was added 
and agitated for 6h at RT. 

The activity of surface anti-T4 antibody prepared by 
above procedure was evaluated as follows. The micro- 
wells in five strips (12 microwells per strip) that were 
coated with anti-T4 antibody via the five different BSA- 
biotin conjugates were washed twice. 25 pi of T4-free 
serum and 50 pi of assay buffer containing ~100ng 
of T4-BSA-Eu* + [21] were added. The mixture was 
incubated for 1 h at RT with slow shaking. The wells 
were washed six times and the Eu 3+ fluorescence was 
measured using the VICTOR 2 multilabel counter by a 
routine dissociation-enhancement protocol. The fluo- 
rescence intensity, which reflects the activity of the sur- 
face anti-T4 McAb, was plotted against the coating 
concentration of each BSA-biotin conjugate, as shown 
in Fig. 2. An identical procedure was performed to 
prepare another batch of surface anti-T4 McAb except 
that the SA concentration was changed to 0.5 pg/ml. The 
activity of the surface anti-T4 McAb was tested in the 
same way as described above. 

The anti-TSH McAb in the first cocoating step will 
compete with BSA-biotin in adsorbing on the limited 
inner-well surface. To assess the influence of the con- 
centration of anti-TSH McAb on the activity of surface 
anti-T4 McAb, we first prepared different surface anti- 
bodies via the above cocoating procedure with the 
concentration of BSA-biotin-40 kept unchanged (0.5 pg/ 
ml) and the concentration of anti-TSH McAb varied 




BSA-Biotin (pg/ml) 



Fig. 2. The effects of the coaling concentration of different BSA-biotin 
conjugates on the activity of surface anti-T4 McAb. Curves 1-5 were 
obtained by using BSA-biotin-4 (O), BSA-biotin-10 (□), BSA-bioUn- 
20 (A), BSA-biotin-40 (V), and BSA-biotin- 100 (0), respectively. The 
concentration of streptavidin in the second coating step was 1 ug/ml. 
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Fig. 3. The effects of the coating concentration of anti-TSH McAb on 
the activity of surface anti-TSH (■) and anti-T4 (□) McAbs in the 
proposed cocoating method. The concentration of the BSA-biotin 
used in the first coating step was kept constant (0.5ugfail of BSA- 
biotin-40). Error bars indicate twice the standard deviation of dupli- 
cate measurements. 

from 0.01 to 20 jig/ml. The last two steps of the coco- 
ating protocol were the same as described above. After 
the wells wer washed twice, 25 pi of standard F (TSH, 
80mIU/L; T4, Onmol/L) was added, followed by 
addition of 50 pi of assay buffer containing ~300 ng of 
europium-labeled anti-TSH McAb and ~600ng of 
T4-BSA-Sm. The mixture was agitated for 2h at RT. 
After the wells were washed six times, the fluorescence of 
Eu and Sm was measured by a routine dissociation- 
enhancement procedure and plotted versus the coating 
concentration of anti-TSH McAb (Fig. 3). 

Eu and Sm labeling 

The details of labeling anti-TSH McAbs (McAb-03 
and McAb-04) with Eu have been described elsewhere 
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[23], and the same procedure was applied to label 
BSA-T4 conjugate with Sm except the molar ratio of 
DTTA-Sra/BSA-T4 was raised to 250 in order to get 
extensive labeling. 

Serum TSHIT4 TRFIA 

Microwells coated with anti-TSH and anti-T4 McAbs 
were washed twice with washing buffer. Twenty micro- 
liters of TSH/T4 standards or samples was pipetted in 
duplicate into the microwells, followed by the addition 
of 50 ul of assay buffer containing 500 ng of T4-BSA- 
Sm and 150ng of each of the europium-labeled anti- 
TSH McAbs (McAb-03-Eu and McAb-04-Eu). The 
mixture was incubated for 40min with rapid shaking at 
37 C C. The wells were washed six times, lOOul of en- 
hancement solution was added, and the wells were agi- 
tated for 5 min. The fluorescence arising from Eu and 
Sm was measured using the Eu/Sm dual-label time- 
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Fig. 5. Standard curve and the within-assay precision profile for T4 
assay (n = 10) in the present TSH/T4 TRFIA. The Sm fluorescence for 
six standards was 51,200 (T4, Onmol/LX 33,280 (T4, 20nraol/L), 
21 f 500(K50nmol/L) > 14,340 (T4, lOOnmoVL), 10,750 (T4 t 150nmol/ 
L), and 6656 (T4, 300nmol/L). 



resolved fluorescence measurement program set in the 
VICTOR 2 multilabel counter. The conditions for Eu 
measurement were as follows: excitation wavelength, 
340 nm; emission wavelength, 615 nm; delay time, 
0.40 ms; window time, T).40ms; cycling time, 1.0 ms. 
While for Sm measurement the excitation wavelength 
and the cycling time were not changed, the delay time, 
emission wavelength, and window time were set at 
0,050 ms, 642 nm, and 0.10 ms, respectively. The stan- 
dard curves for the present TSH/T4 TRFIA were ob- 
tained by plotting the Eu fluorescence versus TSH 
concentration or by plotting the calculated B/Bo value 
versus the T4 concentration, as shown in Figs. 4 and 5. 



Results and discussion 

Preparation ofBSA-T4 conjugate with the PBQ method 

The T4-BSA conjugate, as a 2,5-substituted hydro- 
quinone, was prepared by two successive addition-oxi- 
dation reactions with the use of PBQ as the "bridge" 
molecule. BSA was first reacted with PBQ at acidic pH, 
and 2-substituted hydroquinone was formed via the 
nucleophilic attack of the amino or hydroxyl group of 
BSA molecule. After this, hydrogen was eliminated by 
reaction with a second molecule of PBQ, giving a 2- 
substituted quinone derivative; BSA was thereby con- 
verted to a reactive intermediate. In the second step, the 
amino group in the T4 molecule attacks the quinone in 
the 5 position at alkaline pH, resulting in T4-BSA 
conjugate. This method is simpler than the previously 
described EDC-based protocol [21] because the tedious 
procedure for T4 methylation was omitted and the 
T4/protcin ratio in T4-BSA conjugate is more control- 
lable. The prepared BSA-T4 conjugate has a strong 
absorbency at 340 nm, a wavelength slightly red-shifted 
from the maximum absorbency (325 nm) of the free T4 
molecule. 

Evaluation of the cocoating procedure 

Currently, direct passive adsorption of two or more 
binders is still the routine method for developing MAI A 
[9,11,17]. When only the sandwich assay is employed in 
the MAIA, it is usually desirable to prepare surface 
binder (e.g., antibody) with high activity so as to get a 
high sensitivity. Due to the difficulty in optimizing the 
assay system, the reports of MAIA including both 
competitive and sandwich-type configurations are still 
few. In this work, preparing highly active surface anti- 
TSH and anti-T4 antibodies represented one of the main 
challenges, because both the sensitive TSH analysis and 
the relatively low specific activity of the Sm label require 
the use of highly active surface anti-TSH and anti-T4 
antibodies. In our initial experiments, we tried to coat 
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the anti-TSH and anti-T4 antibodies with the direct 
physical adsorption method, but we failed to obtain 
surface antibody that could exhibit enough activity for 
both TSH and T4 assay. As expected! the activity of the 
surface anti-TSH McAb was reduced as the concentra- 
tion of the anti-T4 McAb was increased in the antibody 
mixture and vice versa, due to the adsorbing competi- 
tiveness of these two antibodies. Moreover, when the 
anti-T4 McAb was used at large excess to anti-TSH 
McAb (e.g., at a molar ratio of 9/1), the activity of the 
surface anti-T4 McAb was still not abundant enough to 
yield Sra signals strong enough for T4 assay (generally 
<8Q00 cps for zero T4 standard). Meanwhile, the ac- 
tivity of the surface anti-TSH McAb was too low to 
achieve sensitive TSH detection because of* the low 
fraction of the anti-TSH McAb in the coating buffer. 

The biotin-SA interaction has been used to improve 
the activity of surface anti-T4 McAb with a three-step 
protocol [22]: BSA-biotin adsorption, SA binding, and 
the specific immobilization of the target biotinylated 
anti-T4 McAb. Further experiments of this study dem- 
onstrated that BSA-biotin conjugates with different 
biotinylation extents can all be used to prepare surface 
anti-T4 McAb with almost identical maximum activity, 
although a higher concentration of the BSA-biotin, in 
case it bears fewer biotin moieties, was required (Fig. 2). 
Also, highly biotinylated BSA can be used at a very low 
concentration (e.g., BSA-biotin-40 or BSA-biotin- 100 
at 0.4 ug/ml) to obtain the same maximum activity of the 
surface anti-T4 McAb. Increasing the SA concentration, 
e.g., from 0.5 to 1 iigfail, did not further increase the 
maximum activity of the surface anti-T4 antibodies, but 
it allowed using a higher concentration of BSA-biotin. 
More impressively, when the anti-TSH McAb was in- 
cluded in the first step of the cocoating protocol, even at 
a concentration as high as 10 ug/ml, the competitive 
adsorption between anti-TSH McAb and BSA-biotin 
did not obviously decrease the activity of surface anti-T4 
McAb (Fig. 3). About ~80% of the maximum activity 
(that obtained in the absence of the anti-TSH McAb) of 
the surface anti-T4 McAb was reached when the con- 
centration of anti-TSH McAb and BSA-biotin-40 in the 
first adsorption step was 10 and 0.5 |ig/ml, respectively. 
Based on above observations, we proposed a new co- 
coating strategy. In the cocoating protocol, the micro- 
wells were first coated with anti-TSH McAb (10 ug/ml) 
in the presence of trace amounts of extensively bioti- 
nylated BSA (0.5 ug/ml BSA-biotin-40), and then SA 
was bound by the surface biotin moieties. Finally, bio- 
tinylated anti-T4 McAb was specifically immobilized via 
the remnant binding sites of the surface S A. This co- 
coating strategy not only guaranteed effective adsorp- 
tion of anti-TSH McAb because of its high excess above 
the BSA-biotin conjugate in the first adsorption step, 
the activity of the surface anti-T4 McAb was also im- 
proved compared to that prepared by the direct passive 



adsorption. This improvement of the surface antibody 
activity can be, at least partly, explained by the follow- 
ing considerations. First, the anti-T4 McAb prepared by 
the proposed cocoating protocol was kept apart from 
the well surface by two proteins (BSA and SA) and two 
"spacers" introduced by the two biotinylation reagents 
(Fig. I). This makes the anti-T4 McAb and anti-TSH 
McAb positioned at two different molecular layers 
above the well surface (the anti-T4 McAb can extend 
more deeply in the solution), the interference between 
the two surface antibodies in binding their analyte was 
thus reduced. Second, the large difference of p/ between 
IgG (anti-TSH McAb) and BSA (in BSA-biotin conju- 
gate) makes the two proteins tend to adsorb at different 
sites on the well surface. This not only reduces the ad- 
sorption competitiveness, but also weakens the dena- 
turing effect of the IgG molecules, assuming that the 
closely arranged proteins can sustain each other to 
withstand the formation changes. Third, the four bind- 
ing sites in the SA molecule and the mild reaction con- 
dition for biotinylating anti-T4 McAb also contributed 
to the improved activity of surface anti-T4 McAb. 

Eu and Sm labeling 

In order to get a high specific activity of the Sm-la- 
beled BSA-T4 conjugate, the coupling of T4 to BSA was 
controlled to a relatively low level (3-5 T4 per BSA) to 
leave more -NH2 available for Sm labeling. Moreover, 
the labeling reaction between BSA-T4 and the Sm la- 
beling reagent was prolonged up to 2 days with a high 
excess of the Sm labeling reagents. Analysis indicated 
that the labeling ratio of BSA-T4 to Sm was ~27. Three 
anti-TSH McAbs that can form suitable sandwich pairs 
between each random couple were used to develop the 
present TSH/T4 TRFIA, of which McAb-05 was used as 
capture antibody and MbAc-03 and McAb-04 were la- 
beled by Eu and used as detection antibodies [23]. The 
labeling ratios of McAb-03 and McAb-04 with Eu were 
about 8.0 and 11.2, respectively. 

The kinetics 

As shown in Figs. 6 and 7, the present TSH/T4 
TRFIA showed rapid kinetics; the equilibrium of the 
reactions for both TSH and T4 assay could be reached 
within 30min at 37 °C. The rapid agitation, small reac- 
tion volume, and high concentration of reaction reagent 
may have all contributed to this effect. In short, the 
immunoreactions in the present microwell-based TSH/ 
T4 TRFIA occur mainly between the solid and the li- 
quid interfaces; its kinetics displays pronounced diffu- 
sion dependence. The quick refreshing of the solution 
that closely approaches to the well surface, caused by 
the rapid vortex agitating, shortens the diffusion dis- 
tance of the liquid ligand to its surface reaction partner, 
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Fig. 6. Kinetics of the TSH assay in the present TSH/T4 TRFIA. 
Curves 1-3 were obtained by using standards F (TSH, 80.0rnIU/L) f E 
(TSH, 19.0mJU/L), and B (TSH, 0.21 ralU/L), respectively. 
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Fig. 7. Kinetics of the T4 assay in the present TSH/T4 TRFIA. Curves 
1-3 were obtained by using standards F 0*4, Onmol/t), D (T4: 
50nmoI/L), and B (T4, 150nmol/L) f respectively. 



thus shortening the reaction time for equilibrium. Be- 
cause of the low nonspecific binding features of the la- 
beled anti-TSH McAb and the T4-BSA conjugate 
(especially the former), we used high concentrations of 
labeled reagent for both the TSH and the T4 assay. The 
small reaction volume used in the assay further accel- 
erated the reaction speed. The above factors make the 
reactions in TSH/T4 TRFIA faster than most of the 
reported DELFIA-based assays. 

Detection of Eu and Sm fluorescence 

Eu 3+ or its chelate is the most commonly used label in 
time-resolved fluorometry-based analysis because Eu 3+ 
complex often exhibits higher fluorescence quantum 
yield and lower background than other lanthanide 
complexes. At the same time, Sm 3+ , To 3 " 1 ", and Dy 3 * can 
satisfy some analytical applications and are often chosen 
as a counterpart to europium for developing a multi- 
analyte assay. The maximum emission of Sm 3+ at 
643 nm makes its fluorescence easy to distinguish from 



the interfering background. In the DELFIA enhance- 
ment solution, the considerable difference in decay time 
between the Eu 3+ (~730 us) and Sm 3+ (~50us) fluo- 
rescence makes the temporal resolution of the two 
emission very efficient. The small Sm 3 "*" emission peak at 
598 nm does not extend to the normal Eu 3+ window 
with an appropriate delay time (i.e., 400 us). Compared 
to Sm 3+ ,Tb 3+ chelates often haves longer decay time 
and higher fluorescence quantum yields, and their fluo- 
rescence is less sensitive to aqueous quenching. How- 
ever, the relatively shorter emission wavelength of Tb 3+ 
chelates (545 nm) makes them more prone to interfer- 
ence (e.g., phosphorescence) derived from plastic or 
glass materials; additionally, the fluorescence enhance- 
ment of Tb 3+ in the DELFIA-type MAI A requires the 
use of an aliphatic p-diketone [26]. Considering the 
above factors, we selected Eu 3+ and Sm 3+ as labels to 
develop the present dual-label TSH/T4-TRFIA. In ad- 
dition to the time and wavelength discriminations be- 
tween the Eu/Sm signals, the following two additional 
means were adopted to suppress the minor interference 
arising from the signal spillover of the Eu/Sm labels. (1) 
An Eu 34 /Sm 3+ normalization procedure that was set in 
the VICTOR 2 software was performed to correct the 
minor overlapping of the Eu/Sm fluorescence prior to 
detection. (2) The T4 and TSH concentrations in the 
standards were designed in opposite ways (toy/ TSH 
concentration versus higher T4 concentration). The 
fluorescence of Eu 3+ and Sm 3+ in the first standard 
(TSH, OrnlU/L; T4, 300nmol/L) was rather low, 
generally 1500-3000 cps for Eu and 4000-7000 cps for 
Sm. 

One problem encountered in developing DELFIA- 
type MAIA may relate to the relatively large difference 
in the excited energy levels of the ion labels used. As a 
consequence it is difficult to find a single organic ligand 
to enhance the fluorescence of all the ions at high effi- 
ciency. Wallac DELFIA enhancement solution, which 
was optimized for Eu detection, was used in the present 
TSH/T4 TRFIA. The lower quantum yield (~2%) and 
the shorter decay time (~50 us) of the Sm chelate fluo- 
rescence in the DELFIA enhancement solution make 
the detection of Sm about 100 times less sensitive than 
that of Eu 3 *, the lower limit of detection was 
~S\9x 10- u mol/L for Eu 3+ and ~7.7 x 10~ 12 raol/L 
for Sm 3+ in our experiments. However, by employing 
the proposed cocoating strategy and the multiple Sm 
labeling of the BSA-T4 conjugate (~27 Sra/BSA-T4), 
the Sm 3+ label was able to meet the requirements of T4 
detection in the present TSH/T4 TRFIA. As a supple- 
ment to the DELFIA-type MAIA using lanthanide la- 
bels, recent investigations show that different metal 
atoms or ions (such as lanthanide) may act as a prom- 
ising label alternative for developing MAIA when 
combined with a suitable mass spectrometry technique, 
e.g., the ICP-MS [24,27]. 
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TSHIT4 TRFIA performances 

The TSH/T4 TRFIA in this work is a solid-phase 
immunoassay based on the DELFIA technique and Eu/ 
Sm labels. During the incubation, TSH molecules in the 
samples reacted with the Eu 3+ -labeled anti-TSH anti- 
body and the anti-TSH antibody immobilized on the well 
surface. In the meanwhile, T4 in the samples, which was 
released from its binding proteins by ANS and sodium 
salicylate, competes with the T^BSA-Sm 3 * 4 " conjugate 
for binding the limited amount of surface anti-T4 anti- 
body. After washing, the unbound tracer was removed. 
The Eu 3+ and Sm + on the bound immunocomplex 
(surface anti-TSH-antibody • TSH • anti-TSH-antibody- 
Eu 3+ and surface anti-T4-antibody-T4-BSA-^Sm 3+ ) 
were detected by time-resolved fluorescence measure- 
ment after being released by the enhancement solution in 
which they form highly fluorescent chelates. 

Typical standard curves and the within-assay preci- 
sion profiles of the present TSH/T4 TRFIA are shown in 
Figs. 4 and 5. The within-assay precision over the whole 
standard range was 4.2 to 8.5% for T4 assay and 2.6 to 
5.2% for TSH assay. The standard curve for TSH de- 
tection can be extended up to ca. 800mIU/L without 
hook effect. The lower limit of detection of the method 
was 0.028 mlU/L for TSH and 4.1 nmol/L for T4, esti- 
mated as the dose giving a signal of the mean of 10 
replicates of zero dose plus (for TSH) or minus (for T4) 
2 SD. It was noticed that the sensitivity of the TSH 
assay in present the method was simultaneously con- 
strained by several factors. First, the blocking agent in 
the assay buffer used to dissociate T4 from its binding 
protein displays a significant inhibition of the immu- 



noreactions between the TSH molecule and its antibody. 
Compared to the immunoreactions performed without 
the blocking agent, the blocking agent at the proposed 
concentration resulted in a signal decrease up to 30% or 
more. Second, although BSA-biotin used in the first 
cocoating step did not notably reduce the activity of 
surface anti-TSH McAb, the slight steric hindrance de- 
rived from the bound T4-BSA-Sm conjugate affected 
the sensitivity of TSH analysis to some extent (data not 
shown). Third, the low reaction volume required for 
rapid kinetics defined the sample amount and thus gave 
rise to a relatively low sensitivity of the TSH assay. 
Taking into account of the small sample volume used 
(20 ul), the absolute sensitivity (the detectable molecule 
number per test) of the TSH assay in the present TSH/ 
T4 TRFIA was still obviously better than that of the 
well-optimized immunoradiometric assay and some of 
the sensitive nonisotopic label-based immunoassays 
[28,29]. 

The within- and between-run variations of the TSH/ 
T4 TRFIA obtained with three serum samples are 
summarized in Table 1. Analytical recovery of the 
method was investigated by adding different amounts of 
TSH and T4 to a pooled serum. The original as well as 
the added amounts of TSH and T4 were measured with 
the TSH/T4 TRFIA, The recovery was 92.1-1 10.4% for 
TSH and 88.3-104.8% for T4. To study the linearity 
of the TSH/T4 TRFIA, three serum samples (TSH, 
1.98-66.50 mlU/L; T4, 38.1-209.4 nmol/L) were serially 
diluted (1:2, 1:4, 1:8, 1:16, and 1:32) in hormone-free 
human serum and then measured with the TSH/T4 
TRFIA. Both TSH and T4 assays in the TSH/T4 
TRFIA gave good linearity (Table 2). 



Table 1 

Assay imprecision of the proposed TSH/T4 TRFIA 



Concentration 



CV,%(«=12) 



Wi thin-run 



Between-run 



TSH (ralU/L) 
TT4 (nmol/L) 



A 
B 
C 
A 
B 
C 



0.42 
1.65 
78.5 
130.0 
90.0 
34.5 



5.7 
2.5 
3.6 
3.7 
3.5 
6.5 



7.1 
4.6 
5.1 
3.5 
6.1 
8.8 



Table 2 

Dilution test of the proposed TSH/T4 TRFIA 





Sample 


Measurements under different dilution factors 












Origmal 


ia 


1:4 


1:8 


1:16 


1:32 


TSH (mlU/L) 


1» 


1.98 


1.01 


0.48 


0.23 


0.12 


0.07 


2 


4.30 


2.12 


1.10 


0.49 


0.26 


0.12 




3 b 


66.50 


31.06 


16.25 


8.80 


4.21 


2.17 


TT4 (nmol/L) 


1 


209.4 


102.5 


49.2 


27.4 


12.1 


/ 


2 


108.8 


56.5 


30.6 


16.9 


/ 


/ 



' Sample 1 was from a hyper thyroid patient with extraneous TSH added. 

b Sample 3 with T4 value at -38.1 nmol/L was not tested in the present dilution linearity study. 
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Fig. 8. Comparison of TSH in serum measured with the present TSH/ 
T4 TRFIA and the Coming CLIA. 
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Fig. 9. Comparison of T4 in serum measured with the present TSH/T4 
TRFIA and the Corning CLIA. 

Correlation with CLIA 

TSH and T4, in 30 and 39 clinical samples, respec- 
tively, were analyzed by the present TSH/T4 TRFIA. 
The correlation of the TSH values obtained by this 
method and those obtained by CLIA was excellent; the 
regression equation was CLIA = 0.987 TRFIA + 0.01 5 
(r = 0.997). For T4, the regression equation was 
CLIA = 1.007 TRFIA + 3.78 (r = 0.921). The compari- 
sons of TSH and T4 values obtained by the two methods 
(TSH/T4 TRFIA and CLIA) are shown in Figs. 8 and 9. 



Conclusion 

In summary, we herein described a sensitive, repro- 
ducible, and accurate TRFIA for simultaneous detec- 
tion of human serum TSH and T4. As TSH and T4 
could be measured in a single assay, the overall proce- 
dure became simple and the hands-on time was short. In 
order to achieve sensitive TSH detection and make the 
Sm signal strong enough for T4 assay, a novel cocoating 



strategy was proposed to prepare highly active surface 
anti-TSH and anti-T4 antibody. This cocoating method 
is believed to be applicable to various other kinds of 
molecules, especially molecules with high hydrophilicity 
or with low molecular weight that cannot be effectively 
immobilized by simple passive adsorption. The ready 
commercial availability of various biotinylation reagents 
with different functional groups makes the cocoating 
strategy more valuable, because the method could po- 
tentially be used to attach any molecules with a high 
efficiency provided that the target molecule can be bio- 
tinylated. The data presented here indicate that rapid 
kinetics can be obtained with regard to the DELFIA- 
type and microwell-based TRFIA due to the intrinsi- 
cally high sensitivity of the DELFIA technique and the 
small hydrophilic label that enables using high amounts 
of labeled reagents. 



References 

[1] L.J. Kricka, Multianalyte testing, Clin. Chera. 38 (1992) 327- 
328. 

[2] T. Mitsuma, J. Colucci, L. Shenkman, C.S. Hollander, Rapid 
simultaneous radioimmunoassay for triiodothyronine and thy- 
roxine in un extracted serum, Biochem. Biophys. Res. Commun. 
46(1972) 2107-2113. 

(3J F.H. Wians, J. Dev, M.M. Powell, J.I. Heald. Evaluation of 
simultaneous measurement of lutropin and follitropin with the 
SimulTROPIN radioimmunoassay kit, Clin. Chem. 32 (1986) 
887-890. 

(4J C Blake, M.N. Al-Bassam, BJ. Gould, V. Marks, J.W. Bridges, 
C Riley, Simultaneous enzyme immunoassay of two thyroid 
hormones, Clin. Chem. 28 (1982) 1469-1473. 

(5] KJ. Dean, S.G. Thompson, J.F. Burd, RT. Buckler, Simulta- 
neous determination of phenytoin and phenobarbital in serum or 
plasma by substrate-labeled fluorescent immunoassay, Clin. 
Chem. 29 (1983) 1051-1056. 

[6] Bj\. Edwards, A. Sparks, J.C. Voyta, I. Bronstein, Unusual 
luminescent properties of odd- and even-substituted naphthyl- 
derivatized dioxetanes, J. Biolumin. Chemilumin. 5 (1990) 1-4. 

[7] C.R. Brown, K.W. Higgins, K. Frazer, Simultaneous determina- 
tion of total IgE and allergen-specific IgE in serum by the MAST 
chemiluminescent assay system, Clin. Chem. 31 (1985) 1500- 
1505. 

[8] J. Bronstein, P.E. Fortin, G.S. Stanley, G.S. Stewart, LJ. Kricka, 
Chemiluminescent and biohiminescent reporter gene assays, Anal. 
Biochem. 219 (1994) 169-181. 
19] ER. Hendrickson, T.M.H. Truby, R.D. Joerger, W.R. Majarian, 
R.C Ebersole, High sensitivity multianalyte immunoassay using 
covalent DNA-labeted antibodies and polymerase chain reaction, 
Nudeic Acids Res. 23 (1995) 522-529. 

[10] I. Wieder, in: W. Knapp, K. Holubar, G. Wick (Eds.), Immuno- 
fluorescence and Related Staining Techniques, Elsevier Biomed- 
ical Press, Amsterdam, 1978, pp. 67-80. 

[11] K. Pettersson, H. AlAhan, U.H. Stenman, U. Turpeinen, M. 
Suonpaa, J. Soderholm, S.O. Larsen, B. Nergaard-Pedersen, 
Simultaneous assay of alpha-fetoprotein and free beta-subunit of 
chorionic gonadotropin by dual-label time-resolved immunoflu- 
orometric assay, Gin. Chem. 39 (1993) 2084-2089. 

[12] G. Barnard, F. Kohen, Monitoring ovarian function by the 
simultaneous time-resolved fluorescence immunoassay of two 
urinary steroid metabolites, Clin. Chem. 44 (1998) 1520-1528. 



96 K-& WuetaLI Analytical Biochemistry 314 (2003) 87-96 



[13] H. Aggorbecfc, B.N. Pedersen, I. Heron, Simultaneous quantita- 
tion of diphtheria and tetanus antibodies by double antigen, time- 
resolved fluorescence immunoassay, J. Immunol Methods- 190 
(199Q 171-183. 

[14] H. Siitari, Dual-label time-resolved fluoroimmunoassay for the 
simultaneous detection of adenovirus and rotavirus in faeces,' J. 
Virol. Methods 28 (1990) 179-188. 

[IS] J. Lovgren, K. Blomberg, Simultaneous measurement of NK 
ceO cytotoxicity against two target cell lines labelled with 
fluorescent lan than ide chelates, J. Immunol Methods 173 (1994) 
119^-1 25. 

[16] P. Heinonen, A. Iitia, T. Torresani, T. Lovgren, Simple triple- 
label detection of seven cystic fibrosis mutations by time-resolved 
fluorometry, Clin. Chem. 43 (1997) 1142-1150. 

[17] Y.Y. Xu, I A. Hemmila, Co-fluorescence enhancement system 
based on pivaloytrifluoroacetone and yttrium for the simultaneous 
detection of europium, terbium, samarium, and dysprosium. Anal. 
Chhn. Acta 256 (1992) 9-16. 

[18] K. Mitrunen, K. Pettersson, T. Piironen, T. Bjork, H. Lu>, T. 
Lovgren, Dual-label one-step immunoassay for simultaneous 
measurement of free and total prostate-specific antigen con- 
centrations and ratios in serum, Clin. Chem. 41 (1995) 1115- 
1120. 

119] S. Eriksson, M. Vehniainen, T. Jansen, V. Meretoja, P. Saviranla, 
K. Pettersson, T. Lovgren, Dual-label thne-resolved immunoflu- 
orometric assay of free and total prostate-specific antigen based 
on recombinant Fab fragments, Clin. Chem. 46 (2000) 658-666. 

[20] J. Yuan, G. Wang, K. Majima, K. Matsumoto, Synthesis of a new 
terbium fluorescent chelate and its application to time-resolved 
fluoroimmunoassay, Anal. Chem. 73 (2001) 1869-1876. 



[21] F.B. Wu, Y.Y. Xu, YZ Wang, S.Q. Han, Time-resolved 
fluorescence immunoassay of thyroxine in serum: immobilized 
antigen approach. Anal. Biochem. 276 (1999) 171-176. 

[22J F.B. Wu, Y.F. He, S.Q.. Han, Matrix interference in serum total 
thyroxin (T4) time-resotved fluorescence immunoassay and its 
elimination with the use of streptavidin-biotin separation tech- 
nique, Clin. Chim. Acta 308 (2001) 117-126. 

[23] F.B. Wu, S.Q. Han, Y.F. He, Time-resolved imraunofluorometry 
of serum hTSH with enhanced sensitivity, J. Immunoassay 
bnmunochero. 23 (2002) 191-210. 

[24] C. Zhang, F.B. Wu, Y.Y. Zhang, X. Wang, X.R. Zhang, A novel 
combination of immunoreaction and 1 CP-MS as a hyphenated 
technique for the determination of thyroid-stimulating hormone 
(TSH) in human serum, J. Anal. Atom. Spectrom. 16 (2001) 1393- 
1396. 

[25] I. Hemmila, S. Dakubu, V. Mukkala, H. Siitari, T. Lovgren, 
Europium as a label in time-resolved immunofluoromctric assays, 
Anal Biochem. 137 (1984) 335-343. 

[26] 1. Hemmila, Time-resolved fluororaetric determination of terbium 
in aqueous solution, Anal. Chem. 57 (1985) 1676-1681. 

[27J Z.A. Quinn, V.I. Baranov, S.D. Tanner, J.L Wrana, Simultaneous 
determination of proteins using an element-tagged immunoassay 
coupled with I CP-MS detection, J. Anal. Atom. Spectrom. 17 
(2002) 892-896. 

[28] I. Sarandi, in: J. Allen (Ed.), Synthesis and Applications of 
Isotopically Labelled Compounds, Wiley, New York, 1995, pp. 
583-586. 

[29] E. Reichstein, R.C. Morton, E.P. Diamandis, Sensitive time- 
resolved immunofluorometric assay or thyrotropin in serum, Clin. 
Biochem. 22 (1989) 23-29. 



